Magnon-plasmon interactions are modeled by considering the spin-dependent dielectric response of atoms placed in crystalline environment. Hund's exchange rules favor parallel spin alignment, but the strength of the exchange depends on the displacement of the centers of gravity of the atomic spin-up and spin-down electron charge clouds. The intra-atomic exchange is modeled by considering a Hubbard-type interaction, and interatomic interaction then yields a k-space dispersion. The eigenmodes of the plasma are a mixture of spin-up and spin-down degrees of freedom, described by a 2 ϫ 2 interaction matrix. Minority and majority bands yield different plasmon frequencies. However, these modes are not orthogonal but coupled by intra-atomic exchange and obtained by explicit matrix diagonalization. The effect is largest for small wave vectors, in agreement with experiment.
I. INTRODUCTION
Interactions between magnetic and electric degrees of freedom have been investigated very extensively, but magnon-plasmon interactions, without any coupling through phonons, are almost never considered. [1] [2] [3] The main reason is that the effect is quite small. Magnon energies tend to be much smaller than plasmon energies, so that the experimental investigations of the interactions are a challenge. An exception is dilute magnetic semiconductors, such as Eu 1−x Gd x O, 2 where low carrier densities yield low plasmon energies. Recently, spin-polarized electron energy loss spectroscopy ͑SPEELS͒ has been used to investigate magnonplasmon interactions in thin films of strained Gd͑0001͒ on Mo͑112͒. 4 In this technique, a spin-polarized electron is scattered off the surface at remanence, and the energy of the scattered electrons is analyzed to determine the loss structure. 5 The experiment indicates spin-polarized plasmons, in spite of the high concentration of 5d and 6s conduction electrons in Gd.
In this paper, we investigate spin-dependent plasmon modes in nonsemiconducting systems with high plasmon frequencies. The considered excitations refer to longitudinal spin degrees of freedom, as contrasted to ordinary magnons, which are transversal. The difference is that longitudinal modes involve intra-atomic exchange energies larger than about 1 eV, whereas transversal magnon modes are due to interatomic exchange of less than about 0.1 eV. In other words, the present excitations involve changes in the magnitude of the local moment, as compared to moment rotations that change S z but keep S͑S +1͒ fixed.
II. BASIC MECHANISM
In the simplest case, the plasmon is created by an inhomogeneous magnetic field acting on a spin-polarized magnetic body. If the position of the magnet is fixed, the field creates a plasmon mode and electric surface charges. Figure  1 illustrates the phenomenon for an inhomogeneous magnetic field H = H͑x͒e z characterized by a positive magnetization gradient ‫ץ‬H / ‫ץ‬x. Since the Zeeman interaction of a moment m with the external field is equal to − 0 m · H, the moment-carrying electrons move towards regions of higher field intensity. This corresponds to a plasmon mode of some magnitude or electron displacement. For laboratory-scale magnetic fields, the effect is relatively small, because the Zeeman energy competes against much stronger energies of electrostatic origin. The relative strength of the magnetic interactions is of the order of ␣ 2 , 6 where ␣ = 1 / 137 is Sommerfeld's fine-structure constant. By contrast, SPEELS experiments correspond to much larger local exchange fields.
In a free-electron picture, a spin-polarized electron gas gives rise to different plasmon frequencies ↑ ϳ n ↑ 1/2 and ↓ ϳ n ↓ 1/2 , which can be probed experimentally. However, free electrons are a poor starting point, because atomic magnetic moments are centered around the atomic cores, even in itin- erant magnets. In Gd, the magnetic moment is caused by localized 4f electrons, but the Gd 4f electron creates an exchange field that slightly polarizes the 5d and 6s conduction electrons of the Gd and gives rise to different electron densities n ↑ and n ↓ .
III. CALCULATION AND RESULTS
Let us now investigate the intra-atomic aspect of the magnon-plasmon interactions. Each atom ͑index i͒ has two subshells, ↑ and ↓, and these shells may be displaced with respect to the position R io of the atomic core. Let us denote the displacements by R i↑ and R i↓ . Figure 2 illustrates that there are two types of excitations, out-of-phase excitations where R i↑ and R i↓ point in different directions ͑b͒ and inphase excitations where R i↑ and R i↓ point in the same direction ͑c͒. We treat these excitations in a harmonic approximation and assume that the shape of the ↑ and ↓ shells remains unchanged ͑rigid orbitals͒. Next, we expand the magnetic energy into powers of the small vectors i↑ = R i↑ − R io and i↓ = R i↓ − R io . Here we ignore anisotropic effects, which would mix different displacement directions, and consider the longitudinal modes i↑ and i↓ shown in Fig. 2 . The procedure is illustrated by considering the Coulomb energy E C , which is the origin of the intra-atomic exchange. In the Hubbard formulation, E C = Un ↑ n ↓ , where n ↑ and n ↓ are electron densities, 7, 8 but in the present case, a more general formulation of this expression must be used,
Here ↑ ͑r͒ = ↑ * ͑r͒ ↑ ͑r͒ and ↓ ͑r͒ = ↓ * ͑r͒ ↓ ͑r͒ are electron densities. This expression can be evaluated by expansion into powers of i↑ and i↓ . The same is true for other energy contributions, such as the attractive interaction between the atomic core and the ↑ and ↓ shells. The resulting total on-site energy is
In addition to this on-site energy, there are wave-vector dependent contributions. ͪ.
͑3͒
In the simple case of a chain of magnetic atoms, the wavevector dependence is given by 1 − cos ka. Figure 4 shows a typical k dependence for this one-dimensional example. A general feature, not restricted to the one-dimensional model, is some admixture of ↓ character to the ↑ modes. However, this mixing refers to the origin of the mode. The magnitude of the local magnetization changes, because the electron clouds of opposite spin are shifted to different positions, but the mxing does not indicate spin flipping. In fully spinpolarized magnets, the dielectric response is provided by ↑ electrons, which then behave similar to ordinary electrons.
IV. DISCUSSION AND CONCLUSIONS
The modes described in Sec. III mean that ↑ and ↓ electron clouds have different properties. Equation ͑2͒ and ͑3͒ parametrize this difference, but no attempt is made in this paper to calculate the parameters from first principles. For example, ↑ , ↓ , and m depend on the interatomic hopping integrals, which determine, in combination with Eq. ͑1͒, the ferromagnetic moment of itinerant magnets. The harmonic approximation used in Eq. ͑2͒ is reasonable, because the effect is not very large. 4 Another relatively unessential approximation is the assumption of rigid charge clouds.
An experimental challenge is the small magnitude of the effect, and there is no hope to observe excitations such as those shown in Fig. 2 in laboratory-scale field gradients of the order of 1 T / cm. The SPEELS experiments outlined in Ref. 4 involve much higher energies, because the spinpolarized electrons interact directly with the ↑ and ↓ electron clouds. As emphasized in Sec. II, this corresponds to much larger effective local magnetic fields ͑exchange fields͒. Figure 4 shows that the excitations are accessible most easily at small wave vectors, in agreement with the preliminary experimental findings. Naturally, the relatively simple model of Sec. III captures only the most basic features of the phenomenon, and refined materials-specific calculations of this interesting effect remain a challenge for future research.
In conclusion, we have analyzed magnetic excitations of intra-atomic origin. They are related to ordinary magnons but involve longitudinal magnetic degrees of freedom and involve much higher energies. This makes it possible to excite them in metallic ferromagnets, as contrasted to magnetic semiconductors. The effect is wave vector dependent and can be investigated experimentally by spin-polarized electron energy loss spectroscopy.
